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High-resolution measurements of the differential cross section for elastic proton scatter-
ing on Si? have been performed in the energy range E,=1.1-2.5 MeV, which corresponds to
the range E ,(P%%)=6.7—8.1 MeV. Twenty-four resonances were observed, including ten pre-

viously unreported resonances.

were determined, and, in many cases, unique spin assignments were made.
widths or strengths are given for all resonances.

For all but two resonances, the proton orbital momenta

Partial proton
Five 17 resonances were observed with the

unusually large total p-wave reduced width 6, 2=1.14 in the elastic channel. Similarly, four
27 resonances appear with a total p-wave reduced width 9 2=0,68. For the 1~ resonances,
both py/5 and py,, elastic scattering contribute strongly. Two definite, and one probable, 4
resonances were observed with a total f~wave reduced width 6,, 2=0.15. The yield of inelas-
tically scattered protons from the first excited state of Si?* was measured in the energy
range E ,=1.9~2.5 MeV. Eleven resonances were observed, including three previously un-

reported resonances.

The resonance strengths were measured relative to the known strength

of the 1302-keV resonance in the Si%*(p,y)P% reaction. For the resonances with known spin,
the partial inelastic proton widths were obtained.

I. INTRODUCTION

A recent investigation of the properties of the
energy levels of P3° has been performed by means
of the Si% (p, y) P* reaction.’ This work provided
extensive data on the bound states below E, =5
MeV, and on the resonance levels in the region
5.9 SE,<17.4 MeV corresponding to proton bombard-
ing energies 0.3 <E, <1.8 MeV. An interesting re-
sult was the observation in the resonance region
of several odd-parity levels (=1, 2, and 4) with
unusually large proton reduced widths (~20% of the
Wigner limit). A few of these levels could be iden-
tified as T =1 analog states, although clear evi-
dence of significant isospin mixing appears in at
least two cases. The y-ray decay properties of
several other levels of this type show they must
be fairly pure 7' =0 states. Although significant
configuration and isospin mixing is revealed by
the data, it is clear that the observed odd-parity
spectrum is relatively simple in comparison with
the even-parity spectra in this mass region.

The particular interest in the odd-parity reso-
nance states coupled with the fact that information
available from other reactions is incomplete mo-
tivated the present investigation of elastic and in-
elastic proton scattering on Si*® in the energy re-
gion 1.1 <E, <2.5 MeV. Elastic scattering is es-
pecially helpful in the study of properties of most
of the resonance states and, in particular, the
broad odd-parity levels. When combined with the
results of (p,y) work, it can lead to unique spin-
parity assignments, partial proton widths, and
reduced proton widths for the resonance levels.

| =

The Si%*(p, p)Si* reaction has been studied pre-
viously by Storizhko and Popov,? and L’vov et al.®
In the energy region 1.1 SE,<2,5 MeV, they ob-
served 15 resonances; however, one of these (Ep
= 2083 keV) must be attributed to the Si%%(p, p)Si®®
reaction (see Sec. IV). Detailed analysis was per-
formed for only eight resonances, yielding six
spin assignments and natural widths ranging from
4 to 24 keV. The same group® carried out inelas-
tic scattering measurements in which eight reso-
nances were observed in the energy region con-
sidered. No details except resonance energies,
total widths, and unanalyzed angular-distribution
data were reported.

In the energy region under consideration, the
only open channels for proton induced reactions
are (p,y), (p,p'y), and (p,p). 1t is clear that a
knowledge of the inelastic proton strengths is im-
portant in the analysis of the elastic scattering da-
ta. This paper reports the results of high-resolu-
tion measurements and the analysis of elastic and
inelastic proton scattering on Si?® with a-simulta-
neous measurement of the (p,y) yield in the ener-
gy range 1.1<E, <2.5 MeV. A total of 29 (p,7)
resonances in this energy range have been repor-
ted. These include the 18 resonances between
Ep=1.1and 1.8 MeV studied by Harris, Hyder,
and Walinga,® nine resonances between 1.4 and 1.9
MeV studied by Bergstrém-Rohlin,* 12 resonances
between 1.4 and 2.2 MeV reported by Phelps,
Milne, and Handler,® and 20 resonances between
1.2 and 2.5 MeV reported by L’vov et al.®* For
other work on P*, the reader is referred to the
survey article by Endt and van der Leun.®
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A measurable elastic scattering contribution solved. The doublet members are separated by
appears at 18 of the 29 known (p, y) resonances, only 0.7+0.1 keV and have natural widths of 15+ 2
and inelastic scattering was observed at six of and 22+ 2 eV, respectively. For details, see Sec.
these resonances. Four resonances have been Iv.
observed to emit only elastic and inelastic protons, The strong odd-parity states which characterize
and two appear only as elastic scattering reso- this energy region are the subject of model calcu-
nances. A survey of all known resonances in the lations now in progress.™ In this paper, we re-
energy region under consideration is given in frain from making detailed comparisons of re-
Table I. sults with these preliminary model calculations.

An interesting example of the resolution ob- The experimental procedures are given in Sec.
tained in the present work can be found in the II. Section III deals with the method of analysis.
1506-keV doublet, which was previously unre- Section IV contains the results of both the elastic

TABLE I. Resonances in the Si®+p reactions.

(2,7) (2,0") (2,9)
(keV) (keV) (keV)
Harris et al.®>  Phelps et al.® L’vov et al.® L’vov et al.° This work L’vov et al.° This work
1111
1302 1306 1302
1324 _
1327 1331 1331 1327
1374 1377 1377 1373
1470 1470 1470 1470 1472
1502 1502
1505¢ 1506 1506 ' 15064
1643 1637 1648 1648 1641
1664 1667
1669 1667 1672
1686 1688 1686 1686 1686
1746 1749
1749 1752 1753
1773
1775 1775 1773
1792 (1803) 1804 1790
1860
1975 1967 1967 1969 1967 1969
2033 2039 2039 2040 2040
2063 2059
2075 2081 2081 2084 2081 2084
2117 2115
2125 2125
2229 2238 2229
2235 2235 2234 2235 2234
2242
2308 2308 2314
2337 2337
2351
2367 2367
2371
2393° 2393°
2407 2407 2412 2412 2412
2418 2418
2492
2491 2495 2491 2495
2See Ref, 1.
PSee Ref. 5.
®See Ref. 3.

dThe 1505-keV resonance was observed as a doublet in the ( p,p) reaction and confirmed in the (p,y) work of Ref. 1.
®The 2393-keV resonance of Ref. 3 appeared as a broad effect in our inelastic yield data, but the elastic data could
not be fit with a single resonance effect. See text for details.
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and inelastic reactions, and Sec. V contains a
summary and discussion of the results.

II. EXPERIMENTAL PROCEDURE

The experiments were performed with the pro-
ton beam from the Aerospace Research Labora-
tories (ARL) 8-MeV insulating core transformer
(ICT) tandem accelerator. The measurements
were performed with 0.5-1.0- 4A beam currents,
collimated and focused to an approximately 2-
mm-diam spot size at the target. The energy re-
solution of the beam was approximately 200 eV.

The targets were prepared by evaporating SiO,
enriched® in Si*® onto 10- ng/cm?-thick carbon
foils for the elastic scattering measurements and
onto 10-mil-thick silver blanks soldered onto
brass cooling disks for the inelastic scattering
measurements. Target thicknesses were typical-
ly 0.5-1.0 keV and 2.0-3.0 keV at £,=2.3 MeV
for the elastic and inelastic runs, respectively.
The evaporations were done with an electron gun
and a carbon crucible in order to avoid contami-
nates such as Ta and Fe on the elastic scattering
targets.

The elastic scattering measurements were
made in an ORTEC, 17-in. scattering chamber
with four surface barrier detectors placed at an-
gles of 90, 130, 140 and 150° with respect to the
beam direction and at a distance of 10 cm from
the target. The dectectors have a 50-mm? sensitive
area and 25-keV resolution. Simultaneous (p,7)
measurements were made with a 13-in.-diam by
2-in.-long NaI(T1) detector inside the scattering
chamber at a distance of about 0.5 in. from the
target. The particle spectra were recorded in
four 1024-channel subsections of a 4096-channel
analyzer via a routing system. An on-line PDP-8
computer was used to extract from the spectra at
each energy point the counts due to elastic scat-
tering from Si*®. The computer is programmed to
locate automatically the Si* peak in each of the
four subsections of the analyzer memory and to
print out the sum of the channel contents over the
peak. This method has several advantages over
the usual method of using single-channel analyz-
ers for each angle, the most important of which
is that it corrects automatically for energy shifts
in the particle spectra.

The yield of inelastically scattered protons
from Si* was obtained by measuring the yield of
the 1.273-MeV y ray from the first excited state
of Si*®, A 5-in.-diam by 5-in.-long NaI(T1) detec-
tor placed at an angle of 55° with respect to the
beam direction, and at a distance of 4 in. from
the target, was used to detect the 1.273-MeV y
ray. The relative intensities of the inelastic re-

1

sonances were determined by measuring the areas
under the yield curve. In order to obtain the re-
sonance strengths

SPP' =(2J+1)Fp FPI/F[

reported here, the relative strenghts of the (p,7)
and (p, p'y) reaction channels of the £, =1969-keV
resonance were measured. The absolute y-ray
strength,

S,y=(2J+ 1)L, T,/T,,

of the 1969-keV resonance was then determined
by comparing its strength with that of the 1302-
keV resonance previously measured by Harris,
Hyder, and Walinga.! This relative strength
measurement thus links all the inelastic reso-
nance strengths to a known (9, y) resonance
strength.

The elastic and inelastic measurements were
made in the energy regions E,=1,1-2.5, and 1.9~
2.5 MeV, respectively, with energy steps vary-
ing from several keV down to 130 eV depending
on the local structure of the resonance yield. The
proton energy was calibrated by use of the £,
=991.90 + 0,04-keV resonance in the A1?"(p, y)Si®®
reaction as the reference point. Standard relativ-
istic corrections were applied.

III. ANALYSIS

The ground- state spin of Si* is  so that both
channel spins s =0 and 1 are possible. Orbital
mixing is possible only with s =1 so that reso-
nance formation can occur with either a unique /
value for the incoming proton and a mixture of
channel spins, or with a unique channel spin and
a mixture of proton orbital momenta. In the spe-
cial case of J"=1" resonances, the channel-spin
intensity mixing, defined by

= formation with s=1
~  total formation ’

is equal to the population parameter P(1) =1 - P(0).
In those cases where this parameter is known
from (p,y) work,! its value was used in analysis.
The parameter ¢ is related to the channel-spin
mixing ratio £ used in Ref. 1 by {=¢/(1+%). The
orbital-mixing amplitude, defined by

_ formation with 7 +2
~ formation with I

’

has no simple relation to the P(m) so that its val-
ue must be deducted from the fit. Only ! values up
to g-wave scattering and values J <4 were con-
sidered in the analysis. Higher values can be
ruled out on the basis of Wigner-limit considera-
tions.
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In general, the analysis of the elastic scattering
data followed the same methods described in a
previous paper by one of the authors.’® Briefly,
the experimental data are corrected for a possible
background from other isotopes and then com-
pared to the theoretical differential cross section
given by the formalism of Blatt and Biedenharn.!
An instrumental resolution function which takes
into account both machine resolution and target
spread was folded into the theoretical expressions.
The resolution function for each target was ob-
tained by examining the experimental shapes of
those (p, y) resonances which have a total width
<< the target thickness. As a good approximation
to the resolution function, a nonsymmetric tri-
angle with a full width at half maximum approxi-
mately equal to the total energy spread was used
in the analysis. The comparison between theory
and experiment was made after normalizing both
to the Rutherford scattering contribution.

A set of computer programs was used to mini-
mize the goodness-of-fit parameter x* with re-
spect to the resonance energy E,, the partial pro-
ton width I',, and the total width I'; for a given
set of the remaining resonance parameters I, J,
¢, and €. The programs accept as input data the
measured values of the yield over the resonance
region at each angle. For all the results presen-

ted in this paper, the acceptability of any solution
was based on a consideration of the 0.1% confi-
dence limit for the goodness-of-fit parameter x?
for each particular set of data.

In many cases, more than one resonance contri-
buted to the measured yield and in such cases
interference effects must be considered. The ex-
tension of the methods outlined above to the case
of two or more interfering resonances is based on
the formalism of Blatt and Biedenharn.' (A de-
tailed description of the interference effects for
even-even nuclei is presented in Ref. 12.) The
extension to odd-A nuclei is quite similar to that
presented in Ref. 12 except for the addition of
channel-spin and orbital-momentum mixing.

IV. RESULTS

A. Inelastic Proton Scattering

The yield of the 1.273-MeV y ray from the Si*
(p,p'y)Si® reaction is shown in Fig. 1. Eleven
resonances were observed, including three pre-
viously unobserved resonances at E, = 2229, 2334,
and 2351 keV. The resonance energies and ab-
solute strengths S ,,» are given in Table II. In gen-
eral, there is good agreement between our re-
sults and the previous measurements of L’vov

Sizg(p,p' 3)Si29 .

RELATIVE YIELD

Ep (keV)

FIG. 1. Yield curve of the 1.273-MeV y ray from the Siz'c’(p,p"y)Si29 reaction in the energy range E, =1950-2510 KeV,
measured with a 5-in. NaI(T1) detector at 55° ralative to the beam direction. The yield was measured using a 2-keV-
thick target. The apparent discrepancy between the energy scale of the inert and the resonance energies reported in the
tables is due to carbon buildup on the target.

" " s 2 " 1l "
2400 2450 2500
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TABLE II. Inelastic resonance energies and strengths.

E, (2J+ 1), T,/T;

(keV) (eV)
1968.6% 0.5 327
2039.8+0.5 19 +4
2083.8+0.5 100 20
2228.7+1.0 439
2234.1£0.5 110 +20
2314.2£0.5 240 +50
2337.0+1.0 42
2351.0+ 1.0 7+2
23932 38080
2410.6+0.5 120+30
2494.9£1.0 1300 +300

2Broad peak corresponding to resonances at E p=2367
and 2418 keV in the (p,p) data.

et al.® in so far as a comparison can be made.

In the analysis of the elastic scattering data,
the strengths listed in Table II were used to ob-
tain the partial proton width I', and total natural
width I', for each of the resonances in question,
since all other decay channels are closed in this
energy region,

B. Elastic Proton Scattering

The yield of protons elastically scattered from
Si%, observed at four angles as a function of pro-
ton energy, is shown in Figs. 2-15. The proton
yields are plotted in units of the Rutherford con-
tribution after background subtraction. The
smooth curves are the results of the analysis, as
discussed in Sec. III. For most of the resonances,
the (p,y) yield is also given. The apparent dis-
crepancy between the resonance energy in the
(p,P) and (p, y) channels for some of the reso-
nances is due to carbon build-up on the target.

In the energy region E ,<1.8 MeV, an intensive
search was made at the known locations of the
(p,7) resonances.’ For the (p,y) resonances at
E,=1111, 1324, 1746, 1749, 1773, and 1775 keV
no measurable elastic yield was found. An upper
limit of S, <40 eV can be given for these reso-
nances. At the energies of the other (p,y) reso-
nances, a clear (p, p) resonance yield was found.

The 1302-keV resonance is known to have J=1
from previous (p,y) work.! The solid curve in
Fig. 2 shows the =0, J"=1" fit to the 1302-keV
elastic data. The over-all x*=0.26 with a 0.1%
confidence limit of x*=1.72. However, the I=1,
J"=1" fit (shown as the dashed curve in Fig. 2)
cannot be excluded on the basis of the 0.1% con-
fidence limit since the over-all x® for this assign-
ment is 0.43. Nevertheless, the data qualitatively
favor the /=0 assignment.

A weak (p,y) resonance at 1502 keV was repor-

T T T T T

1021~

1O

0.98-

w2}
1oj-

0.981-

NORMALIZED CROSS SECTION

°

r=|7ev 29( 30

E 71302 keV

200l J-ﬂ:|+ Si D.K)P

[ 1
°
°

COUNTS
8

| | | |
1300 1301 1302 1303 1304

Ep(keV)

FIG. 2. The differential cross section at four angles
for elastic proton scattering on Si? in units of the Ruth-
erford contribution at the E ,=1302-keV resonance. The
solid curve is the theoretical fit for J"=1". The lower
curve shows the simultaneous (p,7Y) yield.

ted in Refs. 1 and 4, and is also observed in the
present (p, p) work. The data are shown in the
left-hand portion of Fig. 6. No information con-
cerning ! or J values for this resonance could be
extracted from the data. Only a strength S,
could be determined. However, some recent
work™ in this laboratory on this resonance indi-
cates that an /=3 assignment is required.

The thin target (~500 eV thick) elastic yield
over the 1506-keV resonance region is shown in
the right-hand proton of Fig. 6. (See also Fig. 27
in Ref. 1.) The data clearly show a doublet struc-
ture with a separation energy of 700+ 100 eV.
The analysis of these data resulted in an /=3,
J"=2" or 4~ assignment for both members of the
doublet in agreement with the 4~ assignment for
the 1506-keV resonance from (p,y) work. A
careful measurement of the y-ray spectra at both
resonances showed no significant difference in
their decays, indicating a J" =4~ assignment for
both members of the doublet.®

Because of the large width of the 1641-keV re-
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FIG. 3. The differential cross section at four angles
for elastic proton scattering on Si?® in units of the Ruth-
erford contribution at the E ,=1327-keV resonance. The
smooth curve is the theoretical fit for the indicated J"
and I'. The lower curve shows the (p,v) yield.

sonance, interference effects between the 1641-,
1667-, 1672-, and 1686-keV resonances were con-
sidered in the analysis. The data for the 1667-
and 1672-keV resonances are shown in Fig. 7.
The data for the 1641- and 1686-keV resonances
are shown in Fig. 8. We attribute the poor fit to
the 1686-keV data to a large contribution of sum
pulses in the Si* channel due to the strong C'?
(p,p)C™ resonances at E, =1698 and 1748 keV.
Attempts to correct for the carbon background
were unsuccessful. However, qualitatively the
J" =27 assignment from the (p,y) work is con-
sistent with the elastic scattering data. A similar
difficulty was encountered in the elastic scattering
work on Mg, 12

Above 1.8 MeV, new (p,p) resonances were ob-
served at £, =2040, 2125, 2337, and 2492 keV.
The 2040- and 2125-keV resonances were ob-
served in previous (p,y) work.>® To the extent
that comparisons can be made, there is agree-
ment between the results reported here and pre-
vious elastic scattering work with one exception —
the resonance at £, =2089 keV. This resonance

T T T

8. 7 920°

coo® °
1.0 }{————r‘?m .
K 000 sTos

B m=1315°

NORMALIZED CROSS SECTION
8

Ey=I373 keV

ook r =56keV
J"=1
o8- _
2 200 i
=z
3 100 -
O 5
Il 1 L
1360 1370 1380
Ep (keV)

FIG. 4. The differential cross section at four angles
for elastic proton scattering on Si%® in units of the Ruth~
erford contribution at the E ,=1373-keV resonance. The
smooth curve is the theoretical fit for the indicated J"
and I'. The lower curve shows the (p,7y) yield.

was observed in the present experiment; however,
the amplitude of yields measured with targets of
varying relative enrichments of Si*® and Si%® clear-
ly indicate that this resonance must be identified
with the 2088-keV (J"=3")® resonance in Si?%( p, p)
Si%,

The data for the 2084-keV resonance are shown
in the left-hand portion of Fig. 12. The analysis
of these data yielded the assignments /=2 and
J"=1% or 3*. The strength of the inelastic chan-
nel S, =104+ 22 eV results in reduced proton
widths of 6,7°=1.24 or 0.53 for J"=1" or 3", re-
spectively. The value for J" =17 exceeds the sin-
gle-particle limit, making the 1* assignment un-
likely. Moreover, the formation of a " =17 level
is more likely to preceed via s-wave capture; how-
ever, no ! =0 contribution is observed. The con-
clusion is that J"=3",

In the region of the inelastic 2351-keV reso-
nance, a small effect is observed in the elastic
channel. However, attempts to fit this effect
were unsuccessful, and it is not clear whether the
effect is real. A major difficulty encountered in
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FIG. 5. The differential cross section at four angles
for elastic proton scattering on Si?® in units of the Ruth-
erford contribution at the E p=1472-keV resonance. The
smooth curve is the theoretical fit for the indicated J"
and I'.  The lower curve shows the (p,v) yield.
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FIG. 6. The differential cross section at three angles
for elastic proton scattering on Si% in units of the Ruth-
erford contribution at the E , = 1502~ and 1506-keV reso~
nances. The doublet structure of the 1506 resonances is
apparent. The smooth curve through the 1506-keV data
is the theoretical fit for the indicated spins, parities,
and widths. No unique ! or J" values were obtained for
the 1502-keV resonance. The lower curve shows the
(p,7) yield.
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FIG. 7. The differential cross section at two angles
for elastic proton scattering on Si? in units of the Ruth-
erford contribution at the E ,=1667- and 1672-keV reso-
nances. The smooth curve is the theoretical fit for the
assignments J"(1667)=1" and J"(1672)=0*. However,
the curves for the other indicated J" assignments are
quite similar. Interference effects from the 1641- and
1686-keV resonances were taken into account in the
analysis. The lower curve shows the (p,7y) yield.
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FIG. 8. The differential cross section at four angles
for elastic proton scattering on Si® in units of the Ruth~
erford contribution at the E p=1641- and 1686-keV reso-~
nances. The smooth curve is the theoretical fit for the
indicated spins, parities, and widths. The poor fit to
the 1686-keV resonance yield is attributed to a large
background from C!2 (p,p)C!2 (see text for details). The
lower curve shows the (p,7v) yield.



1 ELASTIC AND INELASTIC PROTON SCATTERING ON Si?®° 1989

——————————
.29 .29
Si~ (p,p)Si
6. 192.0°

10 6, p51315° -
0.8 -

1O g, 51413

NORMALIZED CROSS SECTION

Q8 -
os- . -
10 _
8 =151.0°
o8+ -
06 -
o4 E,=1790 keV ]
r=176 keV
JW: l_
| I ST
1770 1790 1810
EplkeV)

FIG. 9. The differential cross section at four angles
for elastic proton scattering on Si%® in units of the Ruth-
erford contribution at the E , =1790-keV resonance. The
smooth curve is the theoretical fit for the indicated J"
and T'.

the analysis is the strong interference effects of
the 2337-, 2367-, and 2418-keV resonances.
These strong interference effects are responsible
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FIG. 10. The differential cross section at four angles
for elastic proton scattering on Si? in units of the Ruth-
erford contribution at the E P =1969-keV resonance. The
smooth curve is the theoretical fit for the indicated J"
and T,
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FIG. 11. The differential cross section at four angles
for elastic proton scattering on Si? in units of the Ruth~-
erford contribution at the E p=2040- and 2059-keV reso-
nances. The smooth curves are the theoretical fits for
J7(2040) =1* and J"(2059) =2~. However, the fits for the
other indicated J™ assignments are quite similar. The
lower curve shows the (p,7v) yield.

for the large error quoted for the width of the
2337-keV resonance; although, the I and J" assign-
ments are unique.

The results for the 2393-keV resonance region
are shown in Fig. 14. This effect was previously
reported as a single resonance.® Our inelastic
measurements show a broad effect centered on
2393 keV. However, attempts to fit the elastic da-
ta with a single resonance effect were unsuccess-
ful. The data are consistant only with two inter-
fering resonances having the parameters indicat-
ed on the figure. No attempt was made to fit the
broad inelastic effect with two resonances.

V. SUMMARY AND DISCUSSION

The final results of the elastic and inelastic pro-
ton-scattering measurements on Si*®® are present-
ed in Table III. The values of J" enclosed in pa-
rentheses indicate possibilities not entirely ex-
cluded by the X? analysis or other considerations.
In these cases, the strength quantities S,, and S,
are presented in lieu of the values of I', and I'p.
For those resonances where the partial widths
could be determined, the reduced proton widths
were computed! from penetrabilities and level-
shift functions based upon an assumed channel ra-



1990 POIRIER, WALINGA, MANTHURUTHIL, AND HARRIS 1

e
.29, .29
Si®(p,p) S

12 PP 6 .920 !

8 i 1510°

NORMALIZED CROSS SECTION

E0=2084 2125 keV

=141 eV Sp=310 eV

g3 it ot 3

S*%(p,5) P .
2 P
z . o ° ;
3 . . B ** oo
o
255 05 /_—L-‘hﬂzﬁg;‘_‘_

Ep (keV)

FIG. 12. The differential cross section at four angles
for elastic proton scattering on Si% in units of the Ruth-
erford contribution at the E , =2084- and 2125-keV reso-
nances. The smooth curve through the 2084-keV data is
the theoretical fit for the indicated J" and I'. The curve
through the 2125-keV data is for the J" =1* assignment.
However, the other J" assignments give similar fits.
The lower curves show the (p,v) yield.

dius R =7,(AY3+1) with v,=1.2 F. The reduced
widths in single-particle units are presented in
the last two columns of Table III.

The large inelastic reduced width 6 p,z =0.53 for
the J" = 3" resonance at E , = 2084 keV is remark-
able. The resonance state must be dominated by
the simple configuration

[8i2(1.27, %) [ p(1=2)) y7=s+.

This result seems surprising in light of the rather
high excitation energy, E,="7.61 MeV, of the re-
sonance level in P%°, L’vov et al.® have measured
the angular distribution of the 1.27-MeV y ray
resulting from the (p, p’y) reaction at the reso-
nance with the result W(6)=1-(0.12+0.02)P,

(cos 6). Using the multipolarity mixing ratio 6
(1.27) =-0.21+0.03 observed by McCallum,*® we
have analyzed® this result, for J"(Res.)=3", in
terms of the intensity ratio R =d,,,/d,, for the out-
going proton channel. The analysis yields the val-
ue R =0.25, i.e., the outgoing protons are pure
dy,, within the errors of measurement. [ For R=0
and the value 8(1.27) given above, the coefficient
of P,(cos 6) in W(6) would be —0.08 +0.04.] Straight-
foward considerations” of two-nucleon spectra of
P3° suggest that a possible d,,,%(J, T =3, 0) level

— T T
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FIG. 13. The differential cross section at four angles
for elastic proton scattering on Si® in units of the Ruth-
erford contribution at the E ,=2229- and 2234-keV reso-
nances. The smooth curve is the theoretical fit for the
indicated spins, parities, and widths. The lower curve
shows the (p,v) yield. The 2242-keV resonance is ob-
served in the (p,7¥) channel but not in the (p,p) channel.

should lie in the region E,~2-3 MeV. The much
higher-lying level observed here is surely not of
this simple form. Its high excitation energy might
be explained if it were a 3%, T=1 level. However,
the simple d,,,® configuration is not antisymmetic
for J,T=3,1. Thus, if the resonance isa T'=1
level, one may conclude that the 1.27-MeV, 3t
level of Si%® is far from a simple inert Si%® core
plus d,;, neutron configuration. '

Special attention should be given to the odd-pari-
ty resonances which in many cases have elastic
reduced widths on the order of 20% of the single-
particle value. At least three of these resonances
are believed' to be T=1 analog states ~ namely, the
1506-keV T-mixed doublet and the 1641~ and 1686-
keV resonances. No spin and parity values or
spectroscopic factors for corresponding levels in
Si* are known, so a direct comparison cannot be
made and further identification of analog states in
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FIG. 14. The differential cross section at four angles
for elastic proton scattering on Si?® in units of the Ruth-
erford contribution in the 2393-keV resonance region.
This effect was previously reported as a single reso-
nance; however, the results of the present work are con-
sistent only with two interfering resonances with the in-
dicated energies, widths, spins, and parities.

P* ig difficult.

Table IV lists the set of observed 17, 27, and
4~ resonances and their elastic reduced widths.
The total p-wave reduced width, 6,%=1.14, for
the 17 resonances are quite large, but include the
contribution from both p,,, and p,,, scattering.
Conversion from channel-spin to jj coupling’
yields the following relation between the values of
¢ for 17 in Table III and the amplitude ratio x
=Pasa/Pus:

£=(2-2x+0.5x%) /(3 - 2x +1.5x%).

The possible values of ¥ which satisfy this rela-
tion are shown in the third coulmn of Table IV.
The results, although not unique, show that both
by» and pg,, contribute strongly in all cases. The
results show, for example, that the minimum and
maximum total values possible for 6,%(p,,,) are
0.06 and 0.81, respectively. Similarly, the mini-
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FIG. 15. The differential cross section at four angles
for elastic proton scattering on Si? in units of the Ruth-
erford contribution at the E p=2492- and 2495-keV reso-
nances. The smooth curve is the theoretical fit for the
indicated spins, parities, and widths.

mum and maximum values possible for 6,%(p,,,)
are 0.33 and 1.09.

The four observed 2™ resonances (all formed by
essentially pure p,,, scattering) also show a large
total elastic reduced width 8,%( p,/,) =0.68. Simi-
larly the 4™ resonances show a total f,,, reduced
width of 6,%=0.15.

Recently, shell-model calculations have been
carried out by Watson and Harris” in which the
odd-parity levels arising from two valence nucle-
ons outside an inert Si*® core were considered.
The single-particle orbits considered were 2s,,,
1ds/sy S22y 20529 1f52, and 2py,. The two-body
matrix elements were derived from the modified
surface 0 interaction.!” The four parameters of
this interaction and the six single-particle ener-
gies were adjusted to fit 25 experimental levels
in Si%*, P?, Si%, and P* with a resulting average
deviation of about 0.2 MeV between the calculated
and experimental levels. The calculated two-nu-
cleon spectrum for P*° has 28 odd-parity levels
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TABLE TII. Results of the present experiment. Numbers in parentheses are the errors in the last digit(s). In those
cases where I,r~0, only I'; is listed. See Ref. 1 for information on I'y and S pY"

E, T, r, Spp Sppt s 2
(ke V) 1 J" ¢ keV) (keV) (keV)  (eV) 10%,% 10%,r
1302.2(5) 0 1* 1.0 0.017(5) 0.04
1 1~ 0.67

1326.7(5) 1 2= 1.0 4.0(2) 27.5
1372.8(5) 1 1~ 0.06(3)2 5.6(6) 30.3
1472.3(5) 1 2 1.0 0.48(2) 1.73
1501.7(5) 0.05(2)
1505.8(3) 3 4" 1.0 0.015(2) 5.21
1506.5(3) 3 4~ 1.0 0.022(2) 7.64
1641.2(5) 1 1~ 0.49(2)? 20.0(10) 0.1 39.6
1667.0(5) 2 2%*(1%,3% .12(2 0.3
1671.5(5) 0 1%(0%) cee 0.11(2) 0.03
1686(2) 1 2" 1.0 5.0(10) 8.3
1789.9(5) 1 1~ 0.53(4) 18.0(10) 21.3
1968.6(5) 0 1* 1.0 2.69(5) 0.86  2.23
2039.8(5) 2 1%,2% 3" o 0.21(3) 19(4)
2058.6(5) 3 27,47,(37) o 0.54(3)
2083.8(5) 2 3" 1.0 0.14(4) 0.41 53.3
2125.2(5) 2 1%,2%,3% e 0.31(3)
2229(1) 1 1~ 0.34(2) 53(3) 21.2 1.29
2234.1(5) 0 o+ 0.0 0.85(4) 110(25) 0.15  2.74
2314,2(5) 240(5)
2337(2) 0 o* 0.0 15(7) 2.54  0.05
2351(2) 7(2)
2367(2) 1 2= 1.0 87(3) 80(20) 30.4 2.19
2412(2) 2 1% 2% 3" 0.44(5) 120(30)
2418(2) 0 0 0.0 29 ©2) 4.46
2492 (2) 0 0t 0.0 0.28(4) 0.04
2495(2) 1 1~ 0.43(5) 6.3(4) 430(90) 1.90  6.57

2yalues of ¢ from Ref. 1 used in the analysis of the (p,p) data.

in the range E, =4-8 MeV to compare with 20
known odd-parity levels. The energy regions

TABLE IV. Elastic proton reduced widths in single-
particle units for 17, 27, and 4~ resonances observed
in the present work. The quantity x gives the amplitude
ratio of ps;, /Pyss contribution at the J" =17 resonances.

E, JT
(keV) (Res.) 1, 10%,2 x
1373 1- 1 30.3 1.41x0.150r 3.1£0.5
1641 1~ 1 39.6 0.46+0.05 or —4.8+0.9
1790 1~ 1 21.3  0.38+0.10 or —=3.6+1.2
2229 1~ 1 21.2  0.74%0.04 or |x|>20
2495 1~ 1 1.90 0.58+0.09 or |x|=5
1327 2~ 1 275
1472 2~ 1 1.73
1686 2" 1 8.3
2367 2" 1 30.4
1505.8 4~ 3 5.2
1506.5 4~ 3 7.6
2059 4)” 3 (2.3)2

a9 pz based upon the most likely assignment of 4~ for
the E , =2059-keV resonance.

where large reduced widths for a specific J" oc-
cur are well reproduced. In the region covered
by the present work, total calculated values for
6,% of 0.81, 0.52, and 0.50 for J"=17, 27, and 4~
levels, respectively, were obtained. These com-
pare reasonably well with the corresponding ob-
served values 6,°=1.14, 0.68, and 0.15. The cal-
culations also predict a total strength of 6,%=0.12
for 3~ levels and one T=0, 0~ level with 6,%(p,,,)
=0.4 in the region investigated.

A detailed result of the model calculation of spe-
cial interest to the present work is the prediction
of two close-lying 4~ levels near E,=7.0 MeV in
P30, Both levels lie within 0.2 MeV of the excita-
tion energy, E,="17.05 MeV, corresponding to the
T-mixed 4~ doublet observed at E, =1506 keV.

One of the calculated 4™ levels has the dominant
configuration | s/, f,/5(4”, T=1)), and the other has
the dominant configuration |d,,,f (4=, T=0).
These levels, which if by chance lie very close to-
gether, would mix via the Coulomb interaction and
could explain in a simple manner the split 4~ ana-
log state with components separated by only 0.7
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keV. Another 4=, T=1 level with major configura-
tion |dy,,f .0 is predicted within 0.25 MeV of the
probable 4~ level observed at E, =2059 keV.

Another result worth mentioning is the predic-
tion of a 37, T=1 level at an excitation energy cor-
responding to £,=2.80 MeV. Such a level at E,
=2.79 MeV is expected as the analog of a known,
probable 3™ level at E,=7.61 MeV in Si®. Also,
Bromley e? al.'® have observed a 3™ level at E,
=2.80 MeV in the Si®*(p, p’y)Si%®® reaction. They
show that the outgoing protons from this level are
in a p,,, state in pleasing agreement with the pre-
dicted major resonance configuration |d3/2 Dara).

A further (p,y) investigation in the energy re-

gion above E, =1.8 MeV would be helpful to re-
move uncertainties in some spin assignments. A
detailed study of higher levels in Si*°, especially
in the excitation energy region Ey =5-8 MeV,
could be very useful in identifying analog levels
and would yield further insight into the nature of
the odd-parity spectrum.
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